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Yersinia pestis, the highly virulent agent of plague, is a biological weapon. Strategies that prevent plague have
been sought for centuries, and immunization with live, attenuated (nonpigmented) strains or subunit vaccines
with F1 (Caf1) antigen is considered effective. We show here that immunization with live, attenuated strains
generates plague-protective immunity and humoral immune responses against F1 pilus antigen and LcrV. Y.
pestis variants lacking caf1 (F1 pili) are not only fully virulent in animal models of bubonic and pneumonic
plague but also break through immune responses generated with live, attenuated strains or F1 subunit
vaccines. In contrast, immunization with purified LcrV, a protein at the tip of type III needles, generates
protective immunity against the wild-type and the fully virulent caf1 mutant strain, in agreement with the
notion that LcrV can elicit vaccine protection against both types of virulent plague strains.

Plague epidemics occur infrequently, often separated by
centuries with sporadic human disease (26). Nevertheless, the
fulminant spread and high mortality of plague probably killed
more people worldwide than any other infectious disease (53).
Many different species of mammals, including rats, squirrels,
mice, prairie dogs, and gerbils, represent animal reservoirs for
the plague pathogen, which is transmitted to humans via flea
bite, aerosol, or contact (47). Flea-bite transmission limits Yer-
sinia pestis replication initially to local lymph nodes, with char-
acteristic swellings (bubos) and disease symptoms that fre-
quently progress to systemic spread of the pathogen and the
lethal outcome of bubonic plague (7). Aerosol transmission of
Y. pestis, whether during plague epidemics or deliberate dis-
semination, causes pneumonic plague, a disease with rapid
fatality and few characteristic symptoms (36, 50). The ubiqui-
tous spread of zoonotic reservoir and insect vectors for plague,
in addition to the possible illegitimate use of Y. pestis as a
weapon, demands the urgent development of plague vaccines
that protect humans against bubonic and pneumonic plague
(30).

Although bubonic plague infection is associated with high
mortality, individuals that survive the disease are considered
immune to subsequent plague infection (27). This discovery
prompted a search for vaccines, derived from either live,
attenuated strains or purified bacterial subunits, to generate
protection and countermeasures against future plague pan-
demics (10, 11, 13, 27). The ultimate goal of plague vaccine
research is the development of safe products that generate
protective immunity in humans but cannot be defeated by
naturally occurring Y. pestis strains or their mutant variants
(1, 17, 28, 42, 55, 56). Two subunit antigens, purified F1 pilin
(2), i.e., recombinant capsular fraction 1 (Caf1) (5, 23), and
LcrV (10, 48), a protein residing at the tip of type III needle
complexes (43), are currently thought of as the only protec-

tive antigens for plague vaccines (41, 60) (see Fig. 1A).
Nevertheless, the utility of these two antigens, either alone
or as combined vaccine preparations, has been questioned.
Y. pestis variants lacking Caf1 capsule have been proposed
to cause lethal plague infections (15, 22, 58, 61), and LcrV-
mediated immune responses have not yet been demon-
strated to generate protective immunity against pneumonic
plague in nonhuman primates (55). In contrast to purified
subunit vaccines, live, attenuated vaccines are comprised of
large arrays of naturally occurring antigens, working either
alone or in synergy to generate protective immunity (51).
Concerns regarding the stability of attenuated Y. pestis
strains and unpredictable and serious side effects (including
death) following human immunization, as well as the unde-
fined antigenicity of vaccines, diminished the interest in
whole-cell immunization of humans (37, 38), even though
early pioneering work demonstrated its efficacy for plague
protection in clinical studies that involved thousands of sub-
jects (24, 27).

The majority of Y. pestis strains employed in past live vaccine
studies were attenuated due to mutations in the pigmentation
locus (pgm) (8, 25), a genotype that has been attributed by
Fetherston and colleagues to spontaneous deletion of a 102-kb
chromosomal fragment comprising the high-pathogenicity is-
land (HPI) involved in bacterial iron uptake (46) and the
pigmentation segment (pgm) associated with Congo red stain-
ing of colonies from virulent Y. pestis isolates (20, 34). Immu-
nization experiments with live, attenuated Y. pestis pgm strains
focused largely on determining the levels of protection af-
forded by vaccination via intravenous, subcutaneous, intrader-
mal, intraocular, or aerosolized routes in terms of morbidity
and mortality rather than actual characterization of the host’s
immune response to strains postinoculation (37). Thus, even
though immunization with live, attenuated strains is consid-
ered the definitive standard for the generation of plague-pro-
tective immunity, the molecular basis for immunity against
bubonic or pneumonic disease has not yet been determined
(12).
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MATERIALS AND METHODS

Bacterial strains and plasmids. Y. pestis KIM D27 (KIM 5) (8) was used as the
parental strain for allelic replacement. The KIM D27 �V variant was created via
allelic exchange, by inserting a stop codon followed by a plus-1 frameshift mu-
tation immediately after the start codon (16, 49). The mutation was generated by
amplifying 1-kb regions upstream and downstream of the second codon with the
following primers: YpV5Sac (5�-GAGCTCCCCTCATACTTTGTCTGGCA-
3�), ECOYpV5 (5�-AAGAATTCATTAAATCATATTAAATAATTTGCCCT
C-3�), ECOYpV3 (5�-AAGAATTCAGCCTACGAACAAAACCC-3�), and
PSTYpV3 5�-AACTGCAGCTGTCGTCTCTTGTTGCATAA-3�). The ampli-
fied products, a 5� SacI/EcoRI fragment and a 3� EcoRI/PstI fragment, were
ligated by three-way ligation into the SacI/PstI sites of pLC28 (14).

Y. pestis �F1 was created via allelic exchange by deleting the caf1 open reading
frame (35). The mutation was generated by amplifying 1-kb DNA segments up-
stream of the start codon and downstream of the stop codon with the primers
5�Caf1XbaI (5�-ATTCTAGAATACTAGAAACGATTGCCG-3�), 5�Caf1BamHI
(5�-TAGGATCCCATATATTACCTCTATCG-3�), 3�Caf1Bam (5�-TAGGATCC
TAATATCTAACCAATAATCC-3�), and 3�Caf1SacI (5�-TAGAGCTCTACTGG
CTTTGCGCCACCG-3�). The amplified products, a 5� XbaI/BamHI fragment and
a 3� BamHI/SacI fragment were ligated by three-way ligation into the XbaI/SacI sites
of pLC28. The recombinant plasmids were electroporated into KIM D27, and
single-crossover events were selected by plating on heart infusion agar (HIA) sup-
plemented with 20 �g/ml chloramphenicol. The resolution of replication-defective
plasmid cointegrates within pCD1 for lcrV and pMT1 for caf1 was achieved by
plating on HIA supplemented with 5% sucrose as counter-selection for sacB, which
is located on the pLC28 vector (14). Chloramphenicol-sensitive and sucrose-resistant
colonies were examined by PCR to reveal mutant genotypes.

Using the same methods, the double-mutant strain �VF1 was generated by
deleting the caf1 open reading frame in the �V variant. Mutations in CO92 were
generated with a similar strategy, utilizing pCVD422 (Ampr) for allelic replace-
ment, according to the select agent rules for antibiotic use in virulent plague
strains. For complementation, the caf1 open reading frame was PCR amplified
with primers 5�CAF1NdeI (5�-TACATATGAAAAAAATCAGTTCCGTTATC
GCC-3�) and 3�CAF1BamHI (5�-TAGGATCCTTATTGGTTAGATACGGTT
ACGG-3�). The amplified product, an NdeI/BamHI fragment, was cloned into
plasmid pDA41, downstream from a constitutive promoter, to yield the plas-
mid pF1.

Immunofluorescence microscopy. Y. pestis was grown in 4 ml heart infusion
broth (HIB) overnight at 37°C, and bacteria in the culture were sedimented by
centrifugation (5 min at 6,000 � g). The bacteria in the sediment were washed
with 1 ml of phosphate-buffered saline (PBS; 10 mM sodium phosphate), fixed
with 2.5% paraformaldehyde and 0.006% glutaraldehyde in 30 mM PBS (pH 7.4)
for 20 min at room temperature, and washed three times with 1 ml PBS. Bacterial
suspensions (30 �l) were applied to L-polylysine-coated coverslips for 5 min,
washed three times with 60 �l PBS to remove nonadherent cells, and allowed to
dry. Plague bacteria were rehydrated in 60 �l of PBS for 5 min and blocked with
3% bovine serum albumin in PBS for 45 min, followed by 1 h of incubation with
purified anti-F1 polyclonal rabbit serum in 3% bovine serum albumin in PBS.
The anti-F1 polyclonal rabbit serum was purified by incubating the serum for 2 h
with acetone-precipitated antigen derived from whole-cell preparations of strain
Y. pestis �F1. The purified serum was used at a final concentration of 1:1,000.
Bacteria were washed 10 times with 100 �l PBS and incubated for 1 h in the dark
with Alexa Fluor 647 goat anti-rabbit immunoglobulin G (IgG) 1:200 (Invitro-
gen). Cells were washed 15 times with 60 �l PBS, and slides prepared for
microscopy and viewed with a Leica SP5 AOBS spectral 2-photon confocal
microscope or a Leica DMI6000 inverted microscope with conventional fluores-
cence (100 W Hg) and differential interference contrast optics under a 63� oil
objective (numerical aperture, 1.4) with automatically optimized confocal pin-
hole apertures. Images were captured by using a chilled photomultiplier tube
fluorescence detector (digital spectral definition in 1-nm increments) plus one
transmitted light detector with 12-bit output and 6.5� and 13.5� digital zoom.
Fluorescence z-scans were captured sequentially with a 633-nm-line (10 mW)
HeNe laser. Resonant scanning galvanometer mirrors (8,000 Hz scan rate) were
used to collect frame-averaged (n � 64) z-series scans sampled in 125-nm steps.
The captured images were analyzed with Image J software.

Antibody detection. Serum IgG levels with specific antigen binding activity
were determined with a custom enzyme-linked immunosorbent assay (ELISA) at
the GLRCE Immunology Core at The University of Chicago (17).

Immunization. Attenuated Y. pestis strains were grown overnight in HIB at
26°C, diluted 1:100 into fresh media, and grown for 3 h at 26°C. The bacteria in
each culture were sedimented by centrifugation, washed, and diluted in PBS to
the required concentration. Groups of 6- to 8-week-old female BALB/c mice

(Charles River Labs, MA) were immunized by intramuscular injection into the
hind leg with 0.1-ml aliquots of 1 � 105 CFU of KIM D27 or its isogenic variants
suspended in PBS. Following injection, mice were monitored for 21 days. Blood
sampling and challenge occurred at day 21. For subunit vaccines, groups of 6- to
8-week-old female BALB/c mice (Charles River Labs, MA) were immunized by
intramuscular injection into the hind leg with 0.1-ml aliquots of 50 �g of recom-
binant LcrV (rLcrV) or recombinant F1 (rF1) in 25% Alhydrogel on days 0 and
21. Blood sampling or plague challenge occurred on day 42.

Plague challenge experiments. For the bubonic plague model, mice were
challenged by subcutaneous injection with 0.1-ml aliquots of 1,000 mean lethal
dose (MLD) Y. pestis CO92 (1 � 103 CFU) (17). For this experiment, Y. pestis
CO92 was grown in HIB at 26°C overnight. The plague bacilli were washed and
diluted in sterile PBS to the required concentration. Mice were infected by
subcutaneous injection with bacterial suspensions and observed for morbidity,
mortality, and recovery over a course of 14 days. For the pneumonic plague
model, 21 days following immunization, the mice were anesthetized with a
cocktail of 17 mg/ml ketamine (Ketsed:Vedco) and 0.7 mg/ml xylazine (Sigma)
(administered intraperitoneally) and challenged by intranasal inoculation with 20
�l of 1,000 MLD Y. pestis CO92 (4 � 105 CFU) (17). For this experiment, Y.
pestis CO92 was grown in HIB supplemented with 2.5 mM calcium at 37°C
overnight. The plague bacteria were washed and diluted in sterile PBS at the
required concentration. The mice were observed for morbidity, mortality, and
recovery over a course of 14 days. Fisher’s exact test was used to compare
mortality between groups. The two-tailed Student’s t test was used to compare
bacterial recovery data. All animal and plague experiments were performed in
accordance with institutional guidelines following experimental protocol review
and approval by the institutional biosafety committee, select agent committee,
and the institutional animal care and use committee at The University of Chi-
cago.

RESULTS

Plague immunity generated with live, attenuated Y. pestis
(�pgm) strains. We examined the virulence and vaccine at-
tributes of Y. pestis KIM D27 (biovar Medievalis), a �(pgm)
strain harboring all three virulence plasmids (pCD1, pMT1,
and pPCP1) (18) (Fig. 1A). Groups of 6- to 8-week-old
BALB/c mice (n � 10) were immunized by intramuscular in-
jection with 1 � 105 CFU and 1 � 107 CFU of Y. pestis KIM
D27 suspended in PBS or with PBS alone. Animals were mon-
itored for morbidity and mortality over the course of 21 days.
In contrast to animals injected with PBS (all of which remained
healthy), mice immunized with 1 � 107 CFU of Y. pestis KIM
D27 presented clinical symptoms (ruffled fur and lethargy) and
30% mortality (Fig. 1B). Animals immunized with the lower
dose (1 � 105 CFU) presented similar symptoms; however, all
mice recovered 6 to 8 days postimmunization (Fig. 1B). To
avoid vaccine mortality, the sublethal immunization dose (1 �
105 CFU) was chosen for future experiments.

Twenty-one days following immunization with live, atten-
uated Y. pestis KIM D27, mice (n � 10) were challenged by
subcutaneous injection with 1,000 MLD of Y. pestis CO92
(1,000 CFU), a fully virulent strain (17). As expected (39),
mock-immunized animals inoculated with PBS died between
days 4 and 7, whereas animals immunized with KIM D27
were completely protected against bubonic plague challenge
(KIM D27 versus PBS, P � 0.001) (Fig. 1E). Anesthetized
BALB/c mice were inoculated intranasally with 1,000 MLD
(4 � 105 CFU) of Y. pestis CO92, which precipitates pneu-
monic plague (17). Mock-immunized animals inoculated
with PBS died within 4 days, whereas animals immunized by
inoculation with KIM D27 were completely protected
against pneumonic plague challenge (KIM D27 versus PBS,
P � 0.001) (Fig. 1F). Serum samples from groups of five
immunized mice each were analyzed on day 21 for antibod-
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ies against protective antigens, using ELISA and purified
rLcrV or rF1 antigen (Fig. 1C). Mice immunized with KIM
D27 harbored antibody titers against rF1 at a dilution of
1:13,000, and animals inoculated with PBS did not generate
F1 antibodies. When tested for immune reactivity against
purified rLcrV, mice immunized with KIM D27 harbored
low levels of antibodies at dilutions at or below 1:600,
whereas mice inoculated with PBS did not (Fig. 1C). As an
additional test for the generation of specific antibodies, 200

ng of purified (His-tagged) rLcrV and rF1 was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), electrotransferred, and immobilized on poly-
vinylidene difluoride (PVDF) membrane. The mobilities of
the purified proteins were detected with His probes, reveal-
ing rLcrV at the expected molecular size (38 kDa); rF1
migrated as both a monomer (17 kDa) and a dimer (35 kDa)
(62) (Fig. 1D). Diluted serum was used to probe PVDF
membranes, which revealed also that animals immunized

FIG. 1. Immune responses to live, attenuated (�pgm) plague vaccine strains. (A) Protective antigens of Y. pestis include LcrV (pCD1-encoded
protein [blue] at the tip of type III secretion needles) and F1 (caf1 pilus assembly operon on pMT1) pili (green) that resemble a capsular coat.
The HPI and pigmentation segment (pgm) locus (red) is flanked by IS100 insertional elements and can be lost spontaneously, giving rise to
attenuated strains that express both protective antigens. (B) Groups of BALB/c mice (n � 10) were immunized by intramuscular injection (1 �
105 or 1 � 107 CFU) of the live, attenuated vaccine strain KIM D27 and monitored over 21 days. Data are representative of the results of two
independent experiments. (C) Twenty-one days following immunization, sera (n � 5) were analyzed for antibody titers specific for either purified
rF1 or rLcrV by ELISA. Error bars show standard deviations. (D) Purified antigens, 200 ng of rLcrV or rF1 protein, were electrotransferred onto
PVDF membranes and detected using alkaline-phosphate-conjugated His probe. Antibodies in diluted serum (1:1,000) of immunized animals were
revealed with secondary antibody conjugates to mouse IgG. Molecular size markers are shown on the left. �, anti. (E) Twenty-one days following
immunization, BALB/c mice (n � 10) were challenged by subcutaneous (s.c.) injection with 1,000 MLD of Y. pestis CO92 and monitored over 14
days. Data are representative of the results of two independent experiments. (F) Twenty-one days following immunization, anesthetized BALB/c
mice (n � 10) were challenged by intranasal (i.n.) inoculation with 1,000 MLD (400,000 CFU) Y. pestis CO92 and monitored over 14 days. Data
are representative of the results of two independent experiments. Colored-ring symbols in keys are as described for panel A.
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with KIM D27 harbored serum antibodies against F1 and
LcrV. Of note, F1 antibodies preferentially bound rF1 pilin
species that migrated as dimers (35 kDa) rather than the
more-abundant monomer species (17 kDa) (62) (Fig. 1D).
This observation is in agreement with the hypothesis that F1
antibodies preferentially recognize folded, assembled pilin
protein rather than the denatured, monomeric polypeptide
(40).

Nonpigmented plague vaccine strains lacking lcrV and caf1.
Allelic replacement was used to generate mutants of Y. pestis
KIM D27 that lacked pCD1-encoded LcrV (V) or pMT1
(pFra)-encoded Caf1 (F1) (Fig. 2A). Depending on the dele-
tion, these strains were named �V [�(lcrV)], �F1 [�(caf1)],
and �VF1 [�(lcrV caf1)], respectively. To monitor the expres-
sion of specific genes in each mutant strain, yersiniae were
grown at 37°C in HIB. The cultures were centrifuged, and the
bacterial proteins in the sediment solubilized in sample buffer.
Following the separation of proteins by SDS-PAGE and im-
munoblotting with specific rabbit antibodies (anti-F1, anti-
LcrV, and anti-RpoA), the expression of LcrV, F1, and RNA
polymerase subunit A (loading control) could be detected in
samples of the wild-type parent strain Y. pestis KIM D27 (Fig.
2A). As expected, the �V strain did not express LcrV, whereas
the �F1 and �VF1 strains did not express F1 or LcrV and F1,
respectively. The transformation of the �F1 mutant strain with
a plasmid encoding wild-type caf1 (pF1) restored F1 pilin ex-
pression (Fig. 2A). Immunofluorescent microscopy with anti-
F1 antibodies was used to determine whether Y. pestis strain
KIM D27 assembled F1 pili on the bacterial surface as previ-
ously reported for strain EV76 (19). Both conventional (Fig.
2B) and confocal z-stacked fluorescent images (Fig. 2C) ob-
tained for anti-F1-stained Y. pestis KIM D27 revealed bacterial
deposition of F1 pilin into a thick, capsular surface coat. F1
deposition was not detected for the �F1 mutant strain
(Fig. 2B).

Plague immunity generated with lcrV or caf1 mutant strains.
Mice (n � 10) were immunized by intramuscular injection with
1 � 105 CFU of Y. pestis KIM D27 or its variants lacking lcrV,
caf1, or both genes and monitored over 21 days. As before,
mice immunized with Y. pestis KIM D27 presented clinical
symptoms and recovered 6 to 8 days postimmunization. Mice
immunized with the �F1 variant displayed similar signs of
morbidity for the first 4 days but recovered earlier, on day 5.
Finally, animals immunized with the �V or �VF1 variant did
not show clinical signs of morbidity postinoculation (data not
shown). Twenty-one days following immunization, serum sam-
ples of five mice in each immunization group were analyzed by
ELISA for antibodies against purified rLcrV and rF1. Mice
immunized with KIM D27 and �V harbored antibody titers
against rF1 at a dilution of 1:13,000, whereas animals immu-
nized with the �F1 or �VF1 variant did not generate F1
antibodies (Fig. 2D). Animals immunized with the �F1 variant
that had been complemented with plasmid [�F1(pF1)] har-
bored serum antibodies against F1 at a dilution of 1:2,500;
reduced antibody titers are likely due to the loss of the pF1
plasmid from variants following inoculation into mice (Fig.
2D). When tested by ELISA for immune reactivity to purified
rLcrV, mice immunized with the KIM D27, �F1, or �F1(pF1)
variant generated low levels of antibodies (dilutions at or be-

low 1:600), whereas mice immunized with the �V or �VF1
variant did not harbor antibodies against LcrV (Fig. 2D).

Twenty-one days following immunization, mice (n � 10)
were challenged by subcutaneous injection with 1,000 MLD Y.
pestis CO92. Mock-immunized animals, injected with PBS,
died within 4 days, whereas animals immunized by inoculation
with KIM D27 were completely protected against bubonic
plague challenge (KIM D27 versus PBS, P � 0.001) (Fig. 2E).
A similar result was observed for animals that had been inoc-
ulated with the �V variant (�V versus PBS, P � 0.001), indi-
cating that immune responses against LcrV are not required to
generate protective immunity against bubonic plague following
immunization with live, attenuated strains. In contrast, animals
inoculated with the �F1 or �VF1 variant succumbed to bu-
bonic plague challenge (�F1 versus PBS, P � 0.23, and �VF1
versus PBS, P � 1.0). All �VF1 variant-immunized animals
died, albeit with a delay of 2 days compared to the times of
death of mock-inoculated animals, whereas 20% of �F1 vari-
ant-immunized animals survived the challenge. The pheno-
typic defect of �F1 variants in generating protective immunity
could be rescued by transformation with the pF1 plasmid,
which was associated with only 10% mortality following bu-
bonic plague challenge. The partial-restoration phenotype is
likely due to the reduced level of F1 antibody observed in the
serum of animals inoculated with the �F1(pF1) variant com-
pared to the level in KIM D27-immunized mice (Fig. 2E). It
appears, therefore, that F1 antibodies, generated during im-
munization with live, attenuated strains (KIM D27), are re-
quired for protective immunity against bubonic plague chal-
lenge. Antibodies against LcrV also contribute to protective
immunity; however, in the absence of F1-specific IgG (�F1-
immunized animals), low-level humoral immune responses to
V antigen cannot protect against bubonic plague. Antibodies
against other plague antigens may play a role in generating
protective immunity against bubonic plague challenge, as ani-
mals immunized with the �VF1 variant gain a small increase in
time to death over mock-immunized mice (Fig. 2E).

For pneumonic plague challenge, immunized mice (n � 10)
were inoculated intranasally with 1,000 MLD (4 � 105 CFU) of
Y. pestis CO92 (Fig. 2F). Mock-immunized animals (PBS) died
within 3 days, whereas animals immunized by inoculation with
KIM D27 were completely protected against pneumonic
plague challenge (KIM D27 versus PBS, P � 0.001). Animals
immunized by intramuscular injection with the �V, �F1, or
�VF1 variant all lacked protection against pneumonic plague
challenge and succumbed to Y. pestis infection within 3 to 4
days (Fig. 2F). Thus, in contrast to bubonic plague, immune
responses against both F1 pilin and LcrV appear to be abso-
lutely required for the protection of experimental animals im-
munized with live, attenuated vaccine strains against pneumo-
nic plague challenge.

Plague variants lacking lcrV or caf1. Y. pestis CO92 variants
that lacked lcrV or caf1 were also generated by allelic replace-
ment and, depending on the deletion, these strains were
named CO92 �V [�(lcrV)] and CO92 �F1 [�(caf1)], respec-
tively. To account for the presence of the pgm locus, colonies
of the wild type and CO92 variants were formed on Congo red
agar. In contrast to a nonpigmented control [Y. pestis CO92
�(pgm)], colonies of wild-type Y. pestis CO92, CO92 �V, and
CO92 �F1 retained Congo red pigment (Fig. 3A). PCR am-
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plification with specific primers confirmed the absence of
�(lcrV) and �(caf1) in deletion strains and the presence of pgm
(data not shown). Yersinia strains were grown at 26°C or 37°C
in HIB. The cultures were centrifuged, and the proteins in the
bacterial sediment solubilized in sample buffer. Following sep-

aration of proteins on SDS-PAGE and immunoblotting with
specific rabbit antibodies (anti-F1, anti-LcrV, and anti-RpoA
[RNA polymerase subunit A; loading control]), the expression
of LcrV and F1 was detected in samples obtained from the
wild-type parent, but only at 37°C (Fig. 3B). As expected, the

FIG. 2. Genetic analysis of (�pgm) plague vaccine strains. (A) Bacterial extracts derived from the wild-type (WT) attenuated vaccine strain (Y.
pestis KIM D27) [�(pgm)] and its isogenic variants lacking lcrV (�V), caf1 (�F1, without and with complementing plasmid pF1), and lcrV and caf1
(�VF1), were examined by immunoblotting with antisera raised against purified proteins, including plague pilus antigen capsular fraction 1 (Caf1
[�-F1]), low-calcium-response V antigen (LcrV [�-LcrV]), or RNA polymerase subunit A (�-RpoA) as a loading control. 	, absent. (B) Fluo-
rescence microscopy of F1 capsule (�-F1) on the surface of plague bacteria. Y. pestis strains KIM D27 and �F1 were grown at 37°C, fixed, and
immobilized on coverslips. Capsule was detected with anti-F1 rabbit IgG and secondary antibodies labeled with Alexa Fluor 647 (red). Fluores-
cence microscopy and differential interference contrast (DIC) images were captured with a charge-coupled-device camera. (C) Confocal micros-
copy images were captured by laser scanning confocal microscopy (z-series; 366-nm increments labeled 0 to 2,562 nm). (D) Groups of 6- to
8-week-old BALB/c mice (n � 5) were immunized by intramuscular inoculation with 1 � 105 CFU of wild-type Y. pestis KIM D27 (WT) or its
isogenic variants. After 21 days, antibody titers specific for either purified Caf1 pilin protein (F1) or LcrV were detected by ELISA in diluted serum.
Error bars show standard deviations. (E) BALB/c mice (n � 10) were immunized by intramuscular inoculation with 1 � 105 CFU of Y. pestis KIM
D27 or isogenic variants �V, �F1, and �F1 complemented with pF1, and the results were compared to those for mock-immunized control animals
(PBS). Twenty-one days following immunization, experimental animals were challenged by subcutaneous (s.c.) inoculation with 1,000 MLD of Y.
pestis CO92. Data are representative of the results of two independent experiments. (F) BALB/c mice (n � 10) were immunized as described for
panel E. Twenty-one days following immunization, experimental animals were challenged by intranasal (i.n.) inoculation with 1,000 MLD of fully
virulent Y. pestis CO92, and survival monitored over 14 days. Data are representative of the results of two independent experiments. Colored-ring
symbols are as described for Fig. 1A. �, anti.
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CO92 �V strain failed to express LcrV, whereas CO92 �F1 did
not express F1 (Fig. 3B).

Virulence attributes of a plague variant lacking caf1. To
determine the 50% lethal dose of the plague variants, groups
of 10 animals were inoculated by subcutaneous injection with
increasing numbers of bacteria, from 1 � 101 to 1 � 106 CFU.
As a control, 20 CFU (20 MLD) of the parent strain, Y. pestis
CO92, were used for inoculation. The CO92 �V strain was

completely avirulent, and all inoculated mice survived chal-
lenge (data not shown). In contrast, the CO92 �F1 variant
appeared to be fully virulent: an infectious dose of 15 CFU
killed all infected mice, while 7 CFU caused a lethal infection
in 80% of the experimental animals. We conclude that there is
no significant difference in the MLD of the parent Y. pestis
CO92 (1 to 2 CFU) and the CO92 �F1 variant (Fig. 3C).
Nevertheless, CO92 �F1 variants displayed an increased time

FIG. 3. Plague virulence attributes of the caf1 (F1) mutant Y. pestis CO92. (A) Pigmentation phenotypes of wild-type Y. pestis CO92 (WT) and
its variants lacking caf1 (�F1), lcrV (�V), or the pgm locus (�pgm). Bacteria were spread on HIA-Congo red agar and incubated at 26°C for 48 h.
(B) Bacterial extracts derived from wild-type Y. pestis CO92 (WT) and its isogenic variants �V and �F1 were examined by immunoblotting with
antisera raised against purified F1 (�-F1) and LcrV (�-LcrV) or RpoA (�-RpoA) as a loading control. �, anti. (C) BALB/c mice (n � 10) were
challenged by subcutaneous (s.c.) inoculation with 20 CFU of the fully virulent Y. pestis CO92 strain or with increasing doses of its isogenic variant
lacking caf1 (�F1), ranging from 7 to 50 CFU. Mice were monitored over 14 days. (D) Bacterial dissemination during pneumonic plague. BALB/c
mice were challenged by intranasal inoculation with 1 � 104 CFU of fully virulent Y. pestis CO92 (n � 15) or its isogenic variant lacking caf1 (�F1)
(n � 15). Starting 24 h postinfection and continuing in 24-h intervals, five mice per group were killed and their spleens and lungs removed,
homogenized, and plated on Congo red agar for colony formation and enumeration. On day 3 following infection, only three mice infected with
CO92 were still alive and could be used for bacterial load analysis. (E) BALB/c mice were challenged by intranasal inoculation with 1 � 104 CFU
of fully virulent Y. pestis CO92 or its isogenic variant lacking caf1 (�F1) (n � 15). Starting 24 h postinfection and continuing at 24-h intervals, two
mice per group were killed and their lungs removed and fixed in 25% formalin. Tissue was embedded in paraffin, thin sectioned, and stained with
hematoxylin and eosin, and images captured by video microscopy. (F) BALB/c mice (n � 10) were challenged by intranasal (i.n.) inoculation with
10 MLD (4 � 103 CFU) of Y. pestis CO92 or with increasing doses of its isogenic variant lacking caf1 (�F1), ranging from 2.5 � 102 to 6.5 � 104

CFU. Colored-ring symbols are as described for Fig. 1A.
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to death in the bubonic plague model compared to that for the
wild-type parent (9.5 [
2.9] [mean 
 standard deviation] days
versus 6.2 [
1.54] days; P � 0.006). To examine the ability of
the caf1 mutant strain to cause pneumonic plague, anesthe-
tized animals were infected by intranasal inoculation with 1 �

104 CFU of wild-type and mutant strains. At timed intervals,
animals were killed, lungs and spleens removed, and organ
tissues subjected to measurements of bacterial load, as well as
histopathology. On the first day following infection, 1 � 104

CFU Y. pestis CO92 was detected in lung tissue; however, the

FIG. 4. Escape of Y. pestis F1 mutants from plague-protective immunity. (A and B) BALB/c mice (n � 10) were immunized by intramuscular
inoculation with 1 � 105 CFU of Y. pestis KIM D27 or the lcrV (�V) mutant of Y. pestis CO92, and the results were compared to those for
mock-immunized control animals (PBS). Twenty-one days following immunization, experimental animals were challenged by subcutaneous (s.c.)
inoculation with 1,000 MLD of the wild-type strain Y. pestis CO92 (A) and its isogenic F1 variant (B). (C and D) BALB/c mice (n � 10) were
immunized by intramuscular inoculation with 1 � 105 CFU of Y. pestis KIM D27 or the lcrV (�V) mutant of Y. pestis CO92, and the results were
compared to those for mock-immunized control animals (PBS). Twenty-one days following immunization, experimental animals were challenged
by intranasal (i.n.) inoculation with 1,000 MLD of the wild-type strain Y. pestis CO92 (C) and its isogenic F1 variant (D). (E and F) BALB/c mice
(n � 10) were immunized by intramuscular inoculation with 1 � 105 or 1 � 107 CFU of Y. pestis KIM 10, an lcrV (�V) mutant of Y. pestis KIM
lacking the pCD1 and pPCP1 plasmids but harboring pMT1. Twenty-one days following immunization, experimental animals were challenged by
subcutaneous (s.c.) inoculation with 1,000 MLD of the wild-type strain Y. pestis CO92 (E) and its isogenic F1 variant (F). (G) Groups of 6- to
8-week-old BALB/c mice (n � 5) were immunized by intramuscular inoculation with 1 � 105 CFU of Y. pestis KIM D27, 1 � 105 CFU of Y. pestis
CO92 �V, or 1 � 105 CFU or 1 � 107 CFU of Y. pestis KIM 10. Twenty-one days following immunization, antibody titers specific for either purified
rF1 or rLcrV were detected by ELISA in diluted serum. Error bars show standard deviations. Colored-ring symbols are as described for Fig. 1A.
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spleens of infected animals were sterile, indicating that bacte-
rial dissemination had not yet occurred during the first 24 h
(Fig. 3D). On the second day, the load of Y. pestis in lung tissue
was dramatically increased and bacterial dissemination to the
spleen had commenced. On the third day of illness, shortly
before animals succumbed to pneumonic plague, a uniformly
elevated load of Y. pestis was detectable in lung and spleen
tissue (108 to 109 CFU). The caf1 mutant strain displayed
growth and dissemination properties similar to those of the
wild-type parent strain (Fig. 3D). The bacterial loads of wild-
type and �F1 strains in lung tissues on each day were similar (P
value of 0.89 for day 1, P value of 0.9 for day 2, and P value of
0.78 for day 3). Histopathology of hematoxylin and eosin-
stained lung sections revealed evidence of pneumonia, mani-
fested by immune cell infiltration, large sections of hemor-
rhage and necrosis, loss of alveolar architecture with
consolidation of lung parenchyma, and bacterial infiltrates
(Fig. 3E). These features were indistinguishable in animals
infected with Y. pestis CO92 or its caf1 mutant. To assess the
virulence of caf1 mutants for pneumonic plague, animals were
inoculated with increasing doses of bacteria and mortality from
lung infection monitored over 14 days (Fig. 3F). Y. pestis CO92
causes lethal infections with a 50% lethal dose of 390 CFU
(17), whereas the dose of CO92 �F1 required to kill 50% of
experimental animals via pneumonic plague was calculated to
be two- or threefold higher (1,090 CFU). Considering the
extraordinary properties of Y. pestis during lung infection, the
caf1 mutant must be considered as fully virulent.

Y. pestis CO92 caf1 variants and live, attenuated plague
vaccines. Animals immunized with KIM D27 were challenged
by subcutaneous injection with wild-type Y. pestis CO92 or
CO92 �F1, which revealed that the nonpigmented vaccine
strain protected mice from bubonic plague with either chal-
lenge strain (Fig. 4A and B). We sought to determine whether
immunity was based on antibodies against F1 and LcrV. Serum
from animals that had been immunized with Y. pestis KIM D27
was transferred by intraperitoneal injection into naı̈ve mice
(Table 1). Passively immunized animals were subsequently
challenged by subcutaneous injection with 20 CFU (MLD) of
Y. pestis CO92 (wild type) or the �F1 mutant strain (Table 1).
Compared to the results with control serum, the passive trans-
fer of serum from KIM D27-immunized animals protected
BALB/c mice against lethal plague challenge with the wild-type
strain Y. pestis CO92. The dilution of serum from 1:1 or 1:2 to
1:4 was associated with loss of protective immunity (Table 1).
Serum from KIM D27-immunized animals afforded very little
or no protection following passive transfer when mice were
challenged with the �F1 variant strain (one of five animals
survived the challenge) (Table 1); further dilution of the serum
abolished all protection. These data further corroborate the
hypothesis that protective immunity following immunization
with the live, attenuated, nonpigmented strain KIM D27 is
largely based on immune responses against F1 pilin. Further,
this plague immunity cannot be expanded to �F1 mutant
strains.

As a test of whether pgm and HPI encode additional vaccine
antigens, mice were immunized by inoculation with Y. pestis
CO92 �V; upon bubonic plague challenge with wild-type Y.
pestis CO92, all animals were protected (�V versus PBS, P �
0.001) (Fig. 4A). In contrast, bubonic plague challenge with

CO92 �F1 revealed that CO92 �V immunization afforded only
partial protection (�V versus PBS, P � 0.016) (Fig. 4B). This
result documents that, in the absence of LcrV and F1, immune
responses derived from infection with attenuated Y. pestis
strains cannot generate full plague protection.

Upon pneumonic plague challenge with the wild-type
strain CO92, mice immunized with KIM D27 displayed
the expected protection (Fig. 4C). One animal died during
the experiment; this isolated lethal event is unrelated to
plague infection and could not be reproduced in subsequent
experiments (data not shown). Immunization with CO92 �V
afforded only partial protection against wild-type CO92
challenge, in agreement with the hypothesis that live, atten-
uated strains must generate immune responses against both
LcrV and F1 to achieve pneumonic plague protection (Fig.
4C). If so, challenge with CO92 �F1 should break through
pneumonic plague protection generated via KIM D27 im-
munization. This was indeed observed, as both KIM D27-
and CO92 �V-immunized animals remained sensitive to
intranasal challenge with 1,000 MLD of Y. pestis CO92 �F1
(P � 0.49) (Fig. 4D).

As an additional test for the protective value of antigens
encoded by HPI and pgm, we used Y. pestis KIM 10, a
pigmented strain harboring pMT1 (F1) but lacking pCD1
(lcrV) and pPCP1 (18). Immunization of mice with 105 or
107 CFU KIM 10 generated humoral immune responses
against F1, but not against LcrV (Fig. 4G). As expected,
these immune responses protected mice against bubonic
plague challenge with wild-type Y. pestis CO92 (1,000 MLD)
similarly to the protection afforded by immunization with
�V variants of the nonpigmented vaccine strain KIM D27
(Fig. 4E). KIM 10 immunization-derived immune responses
also achieved significant protection (105 CFU, P � 0.043,
and 107 CFU, P � 0.001) against bubonic plague challenge
with 1,000 MLD of CO92 �F1. Thus, unlike the �VF1
variant of KIM D27 but similarly to CO92 �V, the HPI
(pgm) locus of KIM 10 enables the live, attenuated vaccine
strain to develop immune responses that generate protec-
tion against bubonic plague challenge.

LcrV subunit vaccines protect against Y. pestis CO92 caf1
variants. Purified subunit vaccines, rLcrV or rF1, when of-
fered to the immune system together with adjuvant, gener-
ate elevated immune responses that protect against bubonic
and pneumonic plague (1, 28, 33, 42). We wondered
whether these vaccines protect also against the caf1 mutant

TABLE 1. Passive immunization of mice with serum from animals
that had been immunized with Y. pestis KIM D27

Challenge straina

No. of animals with 14-day survival/no. of
animals challengedb with:

Naı̈ve mouse serum
at dilution of 1:1

Anti-KIM D27
serum at dilution of:

1:1 1:2 1:4

Y. pestis CO92, wild type 0/5 4/5 5/5 1/5
Y. pestis CO92 �F1 0/5 1/5 0/5 0/5

a Passively immunized BALB/c mice were challenged by subcutaneous inocu-
lation with 20 CFU of Y. pestis strains.

b Passive immunization occurred 1 h prior to challenge by intraperitoneal
injection of 250 �l of serum. Serum was diluted in PBS.
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strain of CO92. To test this, we purified rLcrV and rF1 from
Escherichia coli (Fig. 5A). Purified protein emulsified in
aluminum hydroxide was injected twice intramuscularly into
mice, with an intervening interval of 21 days. With this
protocol, average specific antibody titers to rLcrV and rF1
were detected at dilutions of 1:100,000 and 1:80,000, respec-
tively. Each immune response alone, anti-rLcrV and anti-
rF1, was sufficient to generate protection against lethal bu-
bonic or pneumonic plague challenge with 1,000 MLD Y.
pestis CO92 (Fig. 5C and E). Immune responses against
rLcrV also protected against bubonic and pneumonic plague
challenge with 1,000 MLD of the caf1 mutant strain (CO92
�F1). Anti-rF1-specific immune responses afforded no pro-
tection against CO92 �F1 challenge, thereby documenting

that anti-F1 antibodies generate protective immunity only
by targeting F1 pili, but not any of the other nine fimbrial
operons encoded within the genome of Y. pestis CO92 (45).

DISCUSSION

Pneumonic plague is a disease dreaded by mankind (36).
Historical records of the 14th and 17th centuries documented
that large segments of European and Asian populations were
decimated by plague epidemics (44) where aerosol transmis-
sion of Y. pestis caused fulminant disease, rapidly killing in-
fected individuals unless they had acquired immunity via im-
munization or prior plague disease (25). Few characteristic
symptoms herald the onset of pneumonic plague, and infected

FIG. 5. Plague subunit vaccines and protection against the Y. pestis F1 mutant. (A) Histidine affinity-tagged LcrV (rLcrV) and F1 (rF1) were
purified from lysates of recombinant E. coli bacteria, separated by SDS-PAGE, and stained with Coomassie brilliant blue. M, molecular size
markers. (B) Purified rLcrV and rF1 (50 �g each) were emulsified with Alhydrogel and injected intramuscularly into BALB/c mice. Following two
immunizations with intervening intervals of 21 days, animals were examined for humoral immune responses against rLcrV and rF1 by ELISA (n �
5). Error bars show standard deviations. (C and D) BALB/c mice (n � 10) were immunized by intramuscular injection with rLcrV and rF1, and
the results were compared to those for mock-immunized control animals (PBS). Twenty-one days following a second booster immunization,
experimental animals were challenged by subcutaneous (s.c.) inoculation with 1,000 MLD of the wild-type strain Y. pestis CO92 (C) and its isogenic
F1 variant (D). (E and F) BALB/c mice (n � 10) were immunized by intramuscular injection with rLcrV and rF1, and the results were compared
to those for mock-immunized control animals (PBS). Twenty-one days following a second booster immunization, experimental animals were
challenged by intranasal (i.n.) inoculation with 1,000 MLD of the wild-type strain Y. pestis CO92 (E) and its isogenic F1 variant (F). Colored-ring
symbols are as described for Fig. 1A.
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individuals disseminate the disease via aerosol transmission,
precipitating its epidemic spread, particularly in crowded set-
tings (31, 50). Early efforts to conquer plague derived whole-
cell vaccines from the pathogen and demonstrated vaccine
protection (27). These efforts were expanded, firmly demon-
strating that live, attenuated vaccine strains, but not whole-cell
killed preparations, generate immunity in animals or humans
against bubonic and pneumonic plague (37). Live, attenuated
vaccine strains therefore serve as the definitive standard for the
development of new plague vaccines from purified subunits,
designed to lack the serious side effects of whole-cell vaccines
(38).

Here we report that Y. pestis mutants lacking the F1 pilin
subunit, and with it capsular fraction 1, remain fully virulent in
bubonic and pneumonic plague models and are able to break
through the protection generated by immunization with live,
attenuated vaccine strains. In agreement with the hypothesis
that plague immunity derived from live, attenuated strains is
largely based on immune responses against F1 (Caf1) (13),
vaccine strain mutants lacking the F1 or LcrV antigen are
unable to protect against pneumonic plague challenge, even
when challenged with the wild-type strain. Naturally occurring
F1 mutant strains have been isolated and presumably cause
human disease similarly to wild-type strains (15, 22). We won-
der whether F1 mutant strains may also break through human
immunity derived via bubonic plague infection with a wild-type
strain. An answer to this question cannot currently be ob-
tained; however, the experiment whose results are shown in
Fig. 4D addresses a similar problem. The immunization of
mice with Y. pestis CO92 �V, an lcrV mutant strain that har-
bors both pgm and pMT1 (F1), cannot generate protective
immunity against pneumonic plague challenge with F1 mutant
strains. We conclude that immunization with live, attenuated
strains (with or without pgm and lcrV) is likely not able to
provide for adequate vaccine protection against F1 mutant
strains.

Earlier work reported that some plague strains require pFra
(pMT1) for full virulence and described plasmid mutations in
CO92 that not only abolished F1 pilin expression but also
abrogated the ability of mutant strains to cause plague (57, 58).
However, the requirement for pFra (pMT1) and F1 pili does
not appear to be universal (3). For example, Y. pestis Java9, a
strain isolated from Indonesian rats, lacks the caf1 operon, as
well as the ability to generate F1 pili. Moreover, Java9 was
determined to be fully virulent in several different animal mod-
els of bubonic and pneumonic plague (21). Our studies here
contribute to the appreciation of F1 by demonstrating that the
deletion of the caf1 coding region in Y. pestis CO92 has no
effect on bacterial virulence in bubonic and pneumonic plague
models.

Considering the biological threat of F1 mutant strains of Y.
pestis, what plague vaccines are capable of providing protec-
tion? Previous work showed that LcrV and its variants, when
used as a subunit vaccine, generate high titers of specific an-
tibodies that confer protective immunity against bubonic and
pneumonic plague in mice (17, 41). We report here that this
immunity extends also to the fully virulent F1 mutant strain
(Fig. 5F). Importantly, while our observations have been ob-
tained with mice, appropriate studies with LcrV vaccines and
the F1 mutant strain have not yet been performed with non-

human primates or other animal models. Current efforts to
generate subunit vaccines for human use have focused on F1
plus LcrV and F1-LcrV fusion protein vaccines, as the combi-
nation of two protective antigens generates higher levels of
vaccine protection than individual components (28, 59). In
view of the data presented here, however, the inclusion of F1
into subunit vaccines leaves open the possibility that protection
does not extend toward fully virulent F1 mutant plague strains;
these strains should therefore be included in future efficacy
testing for plague vaccines.

Taylor et al. reported that mice inoculated by oral gavage
with a deoxy-adenosine methylase (dam) mutant of Yersinia
pseudotuberculosis IP32953, which also lacked the pYV viru-
lence plasmid (encoding lcrV), were protected against bubonic
plague challenge with fully virulent Y. pestis strain GB (54). As
Y. pseudotuberculosis IP32953 lacks both F1 (caf1) and lcrV, the
observed immunity is thought to be provided by antigens that
are shared between Y. pseudotuberculosis and Y. pestis (54).
Earlier work, using intravenous inoculation of pYV virulence
plasmid-cured Y. pseudotuberculosis into mice, also generated
immune protection against subsequent challenge with Y. pestis
6/69 M, which was inoculated subcutaneously as an otherwise
lethal bubonic plague challenge (52). We asked a similar ques-
tion, namely whether Y. pestis antigens exist with similar ability
to incite a protective response against plague infection without
relying on antibodies against either F1 or LcrV. The results
shown in Fig. 2E and F suggest that the F1 antigen in the
nonpigmented vaccine strain is absolutely essential for the
generation of protective immunity against bubonic plague.
Thus, within the genetic context of the nonpigmented Y. pestis
strain KIM D27 and its isogenic variants, Y. pestis appears to
harbor only two protective antigens (F1 and LcrV).

Y. pestis nonpigmented [�(pgm)] variants lack 83 open read-
ing frames that are distributed between the 68-kb pigmentation
segment and the 35-kb Yersinia HPI (9). HPI encompasses 11
ybt genes required for biosynthesis and iron-scavenging via the
siderophore yersiniabactin (Ybt), including psn, the structural
gene for pesticin receptor (an outer-membrane protein also
involved in bacteriocin sensitivity) and two additional outer-
membrane proteins (6, 9). HPI genes are conserved in Y. pestis,
Y. pseudotuberculosis, and Yersinia enterocolitica biotype 1B
strains, all of which are not only pathogenic for humans but
able to disseminate in other mammalian hosts. In contrast, Y.
enterocolitica biotypes 2 to 5 lack HPI genes; although patho-
genic for humans, these strains are seemingly unable to dis-
seminate in other mammalian hosts (4). The pigmentation
segment encompasses the hmsSFRH cluster, associated with
the pigmentation phenotype of Y. pestis on Congo red agar
(34). Initially attributed to hemin storage, the hms operon is,
however, required for the transmission of Y. pestis by its flea
vector (32). In accordance with the proposed function of hms-
SFRH in poly-N-acetylglucosamine (PNAG) biosynthesis (29),
hms mutants form neither PNAG exopolysaccharide nor bio-
film at temperatures below 30°C, phenotypes involved in bac-
terial blockade of the insect digestive tract and in transmission
to new mammalian hosts (32). The pigmentation segment en-
codes further a fimbrial operon with similarity to the hifAB-
CDE cluster of Haemophilus influenzae, a two-component reg-
ulatory system homologous to Bordetella pertussis bvgAS, genes

2034 QUENEE ET AL. INFECT. IMMUN.



that contribute to histidine and arginine utilization, as well as
genes specifying unknown transport functions (9, 18).

We considered that Y. pseudotuberculosis carrying both HPI
and the pigmentation segment but lacking pYV and, therefore,
lcrV, can generate protective immunity against bubonic plague
challenge, whereas the Y. pestis pgm strain KIM D27 with a
deletion in caf1 cannot. Indeed, the immunization of mice with
the pigmented strain KIM 10 (lacking lcrV) can generate pro-
tective immunity against a bubonic plague challenge with the
Y. pestis F1 variant. One interpretation of this experimental
result is that protective antigen properties may be encoded by
HPI or the pigmentation segment, and its candidates would
therefore be the pigmentation segment-encoded fimbrial gene
cluster, PNAG, as well as HPI (ybt)-encoded outer-membrane
proteins, including psn. Future work must consider such pos-
sibilities and further pursue envelope antigens from live vac-
cine strains by genetic subtraction in an effort to identify
plague-protective vaccine antigens.
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